Purpose: To determine if the Schirmer test is affected by environmental humidity, to quantify any effects, and to consider the ways in which this may affect the diagnosis of dry eye disease.
D
ry eye disease is a multifactorial disorder that results in tear film instability and ocular discomfort, and frequently causes ocular surface damage. 1 Aqueous deficient dry eye disease can be identified and assessed by measuring tear production, and as such the Schirmer test (ST) has been a staple of both clinical practice and research methodology since its first description in 1903. 2 The popularity of the ST has been attributed to its relative simplicity and low cost when compared with alternative methods of assessing tear production. 3 However, despite its widespread use, the ST has a number of shortcomings which are well recognized, [3] [4] [5] [6] [7] including poor reproducibility and poor patient comfort.
The ST is performed by placing the folded end of a strip of filter paper of 5 mm width over the inferior lid margin on the temporal side, where it is left for a duration of 5 minutes, after which the wetting length of the strip is measured. The application of this filter paper produces a degree of discomfort for the patient, 8 which is often accompanied by an increase in reflex tearing. Clinicians often cite this discomfort as a disadvantage of using the ST in everyday practice. 9 Several strategies have been employed in an attempt to reduce this patient discomfort, including reducing the test duration from 5 minutes to 1 or 2 minutes. 7, [9] [10] [11] Poor reproducibility is another commonly cited weakness when discussing the ST. 10, 12, 13 It is believed that the stimulation of reflex tearing by the filter paper causes a variation in the rate of wetting of the Schirmer strip. 9, 12, 14, 15 An alternative method of Schirmer testing employs a topical anesthetic instilled on to the ocular surface before application of the filter paper strip. The anesthetic reduces the initial reflex tearing which is normally produced during the ST in an attempt to reduce the variability of the test, as well as decreases the level of discomfort for the patient. However, reflex tearing is not completely suppressed by the use of the anesthetic, and as such results from this method can still be variable. 12 The ST has been employed by a number of researchers to investigate the effects of humidity on the tear film, [16] [17] [18] and although there have been anecdotal observations that environmental humidity may be directly affecting the wetting length of Schirmer strips, 4, [19] [20] [21] this effect has never been fully investigated or quantified. Interestingly, a 1967 publication 19 noted that Schirmer values were consistently lower in patients tested in a lower humidity rheumatic hospital than in patients tested in a higher humidity eye hospital. In 2007, 4 it was also suggested that poor reproducibility in the ST could be due to extrinsic factors such as "temperature, evaporation and humidity." A 2012 article by Abusharha and Pearce 18 found that Schirmer wetting length decreased after a 60-minute exposure to an extremely dry environment within a controlled environment chamber (CEC), despite the authors' expectations that tear production would "increase to compensate for increased evaporation" in such an environment.
The purpose of this investigation is to determine if the ST is affected by environmental humidity; to quantify these effects, if any; and to consider the ways in which this may affect the diagnosis of dry eye disease.
IN VITRO EXPERIMENTS
All experiments took place within a CEC (WeissGallenkamp Ltd, Loughborough, United Kingdom) at a constant temperature of 21°C with relative humidity (RH) ranging from 5% to 95%. The CEC is able to produce temperatures between 5°C and 35°C and RH of 5% to 95% 6 3%.
An in vitro study was conducted to observe the effects of RH on Schirmer wetting, as this allowed the removal of reflex tearing and normal biological variation. In vitro testing employed a mechanical suspension unit to immerse Schirmer strips (Sno Strips; Clement Clarke International Ltd, Harlow, Essex, United Kingdom) at a 5 mm depth in an unlimited supply of water. The wetting length of the Schirmer strips was marked with a fine-tipped felt pen after each minute of the 5-minute test period. Six Schirmer strips were recorded at each RH tested.
All data were analyzed using SPSS software version 21 (IBM). A test of normality was carried out (KolmogorovSmirnov), and all data were found to not follow a normal distribution. Therefore nonparametric testing was used to analyze the data. A P value less than 0.05 was considered a statistically significant difference. FIGURE 1. A box plot was employed to show the distribution of in vitro data. The top of the upper whisker of the plot represents the maximum value; the bottom of the lower whisker of the plot represents the minimum value. The median value is represented by the thick middle line in the plot. A, In vitro 5-minute wetting length of standard Schirmer strips decreased as RH is reduced. All were statistically different with the exception of 35% RH to 50% RH. B, The line graph shows the rate of wetting of in vitro standard Schirmer strips at 5% RH, 50% RH, and 95% RH. The rate of wetting was initially similar at all levels of RH. As the test duration progressed the wetting rate of Schirmer strips at low humidity decreased more than the wetting rate of Schirmer strips at high humidity. C, In vitro Schirmer strips encased within a plastic sheath displayed less variation in 5-minute wetting length than the standard Schirmer strips. Fewer statistical differences were found when the data were analyzed using SPSS software. D, The wetting rate of in vitro Schirmer strips encased within a plastic sheath were similar at all levels of RH throughout the entire test duration. #, No statistical difference.
The results of the in vitro study showed a clear decrease in Schirmer wetting length as RH was reduced, a change which was of statistical significance (Mann-Whitney test) with the exception of the change from 50% RH to 35% RH (Fig. 1A) . Median wetting length ranged from 27 mm at 5% RH to 39 mm at 95% RH.
The rate of wetting of in vitro Schirmer strips was initially very similar; however, as the test duration progressed the wetting rate of the Schirmer strips at low humidity decreased by a much greater factor than the decrease in wetting rate seen in the strips at high humidity (Fig. 1B) .
These results indicated that environmental humidity was affecting Schirmer wetting length and wetting rate, and so a modified ST was then developed in an attempt to find a solution to this problem. An in vitro study was conducted using Schirmer strips sheathed within a plastic film, in order to reduce the effects of evaporation. The plastic sheath began at the 10-mm notch on the Schirmer strip to ensure that the sterility of the strip was maintained.
The results of the study using sheathed Schirmer strips showed a reduction in the change in wetting lengths compared to the previous study using standard Schirmer strips (Fig. 1C) . Statistical analysis showed that the number of statistical differences in the data had reduced from 20 of 21 comparisons to 9 of 21 comparisons.
The rate of wetting of in vitro sheathed Schirmer strips was shown to be unchanged at all levels of RH throughout the test duration (Fig. 1D) .
IN VIVO EXPERIMENTS
In vivo experimentation was undertaken to investigate the effects of humidity upon the ST when performed on the human eye. Participants were recruited regardless of dry eye status. Participants were excluded if they displayed signs of active ocular infection or had history of recent ocular surgery. These experiments were approved by the human ethics committee of the School of Health and Life Sciences, Glasgow Caledonian University. Participants attended 3 sessions on separate days. Each session was conducted at a different RH. Experiments were conducted at 20% RH, 50% RH, and 80% RH. These levels of RH were selected because they were unlikely to cause discomfort to the participant during the test period. The number of RHs tested was reduced during in vivo testing for practical reasons. The order of RH testing was randomized for each participant. The ST was performed immediately on entering the CEC, to ensure the participant's tear film had not yet adapted to the environmental conditions. 18 Ten participants completed 3 sessions, 6 male and 4 female. All participants had previously experienced the ST before beginning the study, in order to negate any "test anxiety" effect 20 by which reflex tearing reduces after the first test experience owing to familiarity with the procedure. The ST was performed using the standardized clinical procedure; the folded end of the filter paper strip was placed over the inferior lid margin 2 mm from the temporal canthus for a test time of 5 minutes. The participants' eyes were closed for the duration of the test period and no anesthetic was used.
The in vivo experiments were conducted using both standardized Schirmer strips and Schirmer strips sheathed within a plastic film. Paired statistical analysis was completed on each individual participant's results.
The in vivo results for standard Schirmer strips showed a decrease of wetting length as RH was reduced ( Fig. 2A) . A statistical difference was found between Schirmer wetting at 20% RH and 80% RH when paired statistical analysis was undertaken. Participants with very low Schirmer wetting lengths displayed very little change in ST results, whereas participants with moderate to high Schirmer wetting lengths showed much greater change in test results (Fig. 2B) .
In vivo testing of sheathed Schirmer strips displayed much less variation in wetting length than that observed with the standard Schirmer strips (Fig. 2C) . Paired statistical analysis showed no statistical difference in sheathed Schirmer strip wetting length for any of the RHs tested.
The participants in Figure 2B , D were chosen because they show how Schirmer results are affected in individuals with dry eye disease (participant A, 2 mm wetting length at 50% RH), with results borderline in the diagnostic criteria (participant B, 9 mm wetting at 50% RH), and with normal tear production (participant C, 24 mm wetting at 50% RH).
DISCUSSION
The results of this study show a clear decrease in wetting length as RH was reduced in standard Schirmer strips. This variation may be a product of the evaporation of tears from the surface of the Schirmer strip during the test period. Lower RH levels could cause an increase in surface evaporation from the strip, as the difference in water concentration between the strip surface and the surrounding air was much greater than at high levels of RH. To test this hypothesis an infrared thermal imaging camera was employed. It was observed that the surface of the strip does indeed become colder through the process of evaporative cooling (Fig. 3A) .
It was observed that participants with low Schirmer results were less affected by the environmental conditions than those with normal to high Schirmer wetting lengths (Fig.  2B ). Therefore Schirmer values for patients with dry eye will be unaffected by this phenomenon and so they will be correctly diagnosed. However, patients whose Schirmer wetting length is borderline (;10 mm) 2 have the potential to be falsely diagnosed as having dry eye disease if their test is undertaken in a low-humidity environment. This is shown in participant B in Figure 2B , whose Schirmer wetting length is 15 mm at 80% RH; however, at 20% RH their wetting length reduced to 9 mm (a "positive" test result for dry eye disease). It should, however, be noted that there is no gold standard test for dry eye disease, and it is generally accepted that a "battery" 22, 23 of tests is the best practice for diagnosis. Interestingly, participant B did not test "positive" for dry eye disease at any level of RH when sheathed Schirmer strips were used, showing the utility of the modification (Fig. 2D) .
Although this phenomenon may be overcome in clinical practice with the use of a battery of tests for diagnosis, this issue has not been addressed in previous research when FIGURE 3. A, Infrared thermal imaging shows that the wet portion of the Schirmer strip is colder than the dry portion of the strip at 5% RH (temperature of spot = 19.9˚C), an environmental condition that was selected to best display this phenomenon. This change in temperature is due to evaporative cooling which occurs when water evaporates from the surface of the Schirmer strip during the test. B, Infrared thermal imaging shows that the sheathed portion of the Schirmer strip does not decrease in temperature due to evaporative cooling at 5% RH, as there is no evaporation occurring behind the plastic sheath (temperature of spot = 28.7˚C).
investigating the effects of humidity on the tear film itself. [16] [17] [18] It could therefore be speculated that the results of these studies may have been affected by the effect we have observed and quantified in this study.
Previous literature has shown that the wetting rate of a Schirmer strip is initially rapid and then decreases significantly after 2 minutes of the 5-minute test time has elapsed. 9, 14 This has been attributed to the initial reflex tear secretion which is stimulated by the application of the filter paper strip, which decreases as sensory adaptation occurs, that is, the subject becomes accustomed to the presence of the Schirmer strip. The in vitro data indicate that there is a reduction in the rate of wetting over time, even in the absence of reflex tearing (Fig. 1B) . This reduction in the wetting rate appeared to be greater at lower levels of RH. We have shown in these studies that plastic sheathing reduced the reduction in wetting rate seen at lower levels of RH (Fig. 1D) . It could therefore be argued that although there is certainly a sensory adaptation effect in place, surface evaporation of tears occurring from the Schirmer strip also plays a part in the reduction of the wetting rate.
Environmental humidity varies diurnally, annually, and from location to location. 24 It is therefore impossible to ensure that RH is constant every time the ST is performed anywhere in the world. It may be possible to develop a correction factor to account for variation in test conditions; however, this study focused on modifying the Schirmer strip itself to create a new method which is less affected by environmental humidity. It is hoped that manufacturers will take an interest in developing this product. The use of a plastic sheath encasing the Schirmer strip reduces the amount of surface evaporation from the strip (Fig. 3B) . This therefore reduces the amount of variation caused by environmental conditions, indicating that it may be possible to modify the Schirmer strip in order to overcome the effect of RH. The authors hope that these findings may revitalize the ST, perhaps helping to ensure it remains a staple of dry eye diagnosis for another 100 years.
